Gold nanoparticles are prepared in aqueous solutions by using poly (amidoamine) (PAMAM) dendrimers (generation 3 .0, 3 .5, 5.0 and 5.5) with various terminal groups such as methyl ester, amino, carboxyl, or sugar residue, and their mean particle sizes are 2-6 nm in diameter depending on the dendrimer/Au+3 ratio as well as the generation of PAMAM dendrimers. Studies of reduction reaction of 4-nitrophenol by gold nanoparticles with NaBI-14 reveal that the rate constant depends on the concentration of the dendrimers added as well as the generation of the dendrimers. Furthermore, the effect on the rate constants for PAMAM (generation 5.0 and 5.5) with various terminal groups follows the order : carboxyl amino > sugar residue > methyl ester. These results are attributed to the dendrimer-gold nanocomposite structures, depending on whether the gold nanoparticles are formed inside or outside the dendrimers.
ki reactions using several PAMAM dendrimers with hydroxyl groups-palladium nanocomposites and reported that by using dendrimers with different generations, it is possible to control the stability of palladium particles, the reaction rate and do selective catalysis. Although very interesting results have been obtained so far, the success of dendrimer-metal nanocomposites as catalysts requires the study of fundamentals including the characterization of the metal particle size and the effect of terminal groups. Also, it has recently been found') that gold nanoparticles have high activities for many reactions including CO oxidation at low temperatures, partial oxidation of hydrocarbons, and reduction of nitrogen oxides. This motivates us to study catalytic reaction by gold nanoparticles prepared by using dendrimers.
In the present study, gold nanoparticles are prepared by the reduction of Au3+ in the presence of poly-(amidoamine) dendrimers with different generations and various terminal groups. The effect of the generation and terminal groups of the dendrimers on the catalytic activity in the reduction reaction of 4-nitrophenol is investigated.
Experimental

Materials.
Poly (amidoamine) (PAMAM) dendrimers In the present study, gold nanoparticles are prepared by reduction of Au34-with excess amount of NaBH4 in the presence of PAMAM dendrimers (G 3.0, G 3.5, G 5.0 and G 5.5) with various terminal groups. Since PAMAM dendrimers with methyl ester groups, which are nonionic dendrimers, have a cloud point at about 25°C, the preparation of gold nanoparticles is carried out at 15°C. Stable gold nanoparticles with G 5.5 are obtained in aqueous solutions at above the ratio of [dendrimerl : [A113+1=100 : 1 and their particle diameters are about 1.7-1.9 nm which is considerably smaller than the diameter of PAMAM G 5.5 (7.2 nm) 10) However, no stable gold nanoparticles in the presence of PAMAM G 3.5 can be obtained even at ratios greater than 500. We recently reported the preparation of gold nanoparticles stabilized with PAMAM G 5.5 in ethyl acetate and found that gold nanoparticles are encapsulated in the dendrimers'). Accordingly, in the present study it is expected that gold nanoparticles can be encapsulated in larger dendrimers such as PAMAM G 5.5 in aqueous solution.
By using PAMAM dendrimers G 3.0 and G 5.0 with amino groups, stable gold nanoparticles are obtained where the concentration of the dendrimers required for stable dispersion is higher for G 3.0 than that for G 5.0. It is suggested that gold nanoparticles are stabilized by the adsorption of several surrounding dendrimers onto the particles and that larger dendrimers are capable of providing a higher degree of steric stability than smaller dendrimers4'541).
Au3+ ions could be reduced in the presence of sugar balls alone12). However, in the present study Au3+ ions are reduced by addition of NaBH4 in the presence of sugar balls. Our previous study suggests that stable gold nanoparticles are obtained by adsorbing sugar balls on the gold nanoparticlesi2).
In the case of PAMAM dendrimers with carboxyl groups, stable gold nanoparticles are also obtained even at the ratio of [dendrimer] : [Au3+1 = 10 : 1 for both, G 5.5 and G 3.5. It is conceivable that gold nanoparticles can be stabilized by electrostatic repulsion forces induced by several dendrimers with carboxyl groups surrounding the gold particles. Thus, it is found that stable gold nanoparticles are obtained by dendrimers adsorbing on the surface of gold nanoparticles or by encapsulation of gold nanoparticle inside the dendrimers. Figure 1 shows representative TEM images and the size distributions of gold nanoparticles prepared by using PAMAM dendrimers with various terminal groups. Table 1 gives the mean diameter and standard deviation of gold nanoparticles prepared in the presence of PAMAM dendrimers with various terminal groups as well as different generations of PAMAM dendrimers. The mean diameters of gold nanoparticles are In particular, using the dendrimer with methyl ester groups the particle size is below 2 nm. In the case of PAMAM dendrimers with terminal groups such as, carboxyl, methyl ester or sugar, the particle sizes are independent of the added concentration of PAMAM dendrimers. However, in the case of PAMAM dendrimer with amino terminal group (G5.0) , the particle sizes are larger when the dendrimer concentration added becomes high. Since it is known'3) from dynamic light scattering measurements that the dendrimers aggregate in water, this aggregation of dendrimers in water may be partially responsible for the relatively large gold size at high G5.0 concentrations.
On the other hand, the particle size distribution of gold nanoparticles obtained by using sugar balls decreases with the concentration of sugar balls. This is due to the formation of nucleation centers by sugar balls where the number of nucleation increases with the concentration of sugar balls before addition of NaBH4. Subsequent addition of NaBH4 renders the growth of gold particles and sugar balls act as protective agent, resulting in the narrow size distribution with the concentration of sugar balls. There are several important issues when metal nanoparticles prepared by using dendrimers have been applied for catalytic reactions ; the effect of metal particle size on catalytic reaction compared to conventional catalysis ; the effect of various terminal groups of dendrimers on catalytic reaction and so on. In the present study, we have investigated mainly the effect of various terminal groups of PAMAM dendrimers on the reduction reaction of 4-nitrophenol. This reduction has been studied using NaBH4 in the presence of metal nanoparticles using surfactants"). Since the amount of the gold nanoparticles added is very small, the absorption spectra of 4-nitrophenol is hardly interfered with by the gold nanoparticles.
The order rate constants (k) determined from these plots are given in Table 2 .
It is seen that the pseudo-first-order rate constant value, which is a measure of the catalytic rate, decreases with increasing concentration of terminal groups of all the dendrimer systems used in this study except sugar balls. Further, the rate constants of G 3.0 are greater than those of G 5.0 for all the terminal groups except methyl ester (Figure 4 ). It should be noteworthy that the rate constant for PAMAM G 5.5
with methyl ester is the smallest. The rate of electron transfer at the gold surface can be influenced by two steps : (1) diffusion of 4-nitrophenol to the gold surfaces and (2) interfacial electron transfer and diffusion of 4-aminophenol away from the surface. The observed rate constant may be expressed as (1) where R is the radius of the gold nanoparticle, D is the diffusion coefficient, and ket is the rate constant for electron transfer. When heterogeneous charge transfer (2) This assumption could be attributed to the higher driving force for particle-mediated electron transfer caused by their larger Fermi level shift in the presence of highly electron injecting species such as ions16). It is supposed that the diffusion of 4-nitrophenol mainly controls the rate of the reduction. Since PAMAM dendrimers with amino groups, carboxyl groups and sugar residues are considered to adsorb on the gold nanoparticles, the adsorbing dendrimer would affect the diffusion of 4-nitrophenol to the gold nanoparticle surface. When the concentration of the dendrimer added increases, the adsorbed amount of the dendrimer would increase. Also, the larger the dendrimer the slower is the diffusion of 4-nitrophenol to the gold nanoparticle surface. In the case of PAMAM G 5.5 (methyl ester groups), the smallest rate constant is probably due to the encapsulation of gold nanoparticles in the dendrimer : the diffusion of 4-nitrophenol is here less feasible compared to that through adsorbing dendrimer onto the gold nanoparticles.
Since the reaction mixture is alkaline solution in the presence of excess amount of NaBH4, the pH effect might be considered. In the alkaline solution, the substrate 4-nitrophenol exists as 4-nitrophenolate ion. In the case of PAMAM dendrimers with surface amino groups they have an outer shell of primary amines with pKa values in the range of 7-9 and internal, tertiary amine moieties with pKa values between 3 and 61). Since the pH of the reaction mixture is about 10, the electrostatic interaction between 4-nitrophenolate ions and the PAMAM dendrimers might be less significant. Accordingly, for the gold nanoparticles stabilized by adsorbing PAMAM dendrimers the reduction reaction of 4-nitrophenol is governed by the diffusion of 4-nitrophenol into dendrimer : larger generation PAMAM dendrimer reduces the reduction reaction of 4-nitrophenol. In the case of PAMAM dendrimers with carboxyl groups, the electrostatic interaction with 4-nitrophenolate ions will be small. On the other hand, in the case of sugar balls, the rate constants obtained using gold nanoparticles prepared are significantly affected by the particle size distribution ; the rate constant increases with decreasing size distribution for both sugar balls G 3.0 and G 5 . 
Conclusions
In the present study, gold nanoparticles are prepared in the presence of the dendrimers (G 3.0, G 3.5, G 5.0, and G 5.5) with different terminal groups such as amino, carboxyl, sugar residue, or methyl ester, and the catalytic activity by the gold nanoparticles thus prepared is investigated in the reduction reaction of 4-nitrophenol in aqueous solution. It is found that the particle sizes of gold prepared using the dendrimers with various terminal groups are ranged between 2 and 6 nm, and their size distributions are very narrow except sugar balls. Stable gold nanoparticles are obtained by the dendrimer adsorbing on the gold surface or by encapsulation of gold nanoparticle inside the dendrimer. The catalytic activities decrease with an increase of the terminal group concentration of the dendrimers used except sugar balls. In addition, the rate constants for PAMAM G 5.0 and G 5.5 are smaller than those for PAMAM G 3.0 and G 3.5. The order of the rate constant obtained by various terminal groups for PAMAM G 5.0 and G 5.5 is as follows ; carboxyl amino > sugar residue > methyl ester. Thus, the rate constants are found to depend on the morphology of dendrimer and gold nanoparticles as well as the size of the dendrimers.
